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Abstract 
 
Due to its low thermal conductivity (λ ≈ 20 mW/m.K), rigid polyurethane (PUR) foam has the potential to improve the thermal 
performance of buildings without increasing the thickness of construction elements. Nevertheless, PUR foam has the drawback 
of having a low resistance to fire: non-flaming thermal degradation of PUR starts at temperatures about 150-180°C, and flash- 
ignition around 300°C. Taking advantage of the stable behaviour of gypsum fibre at high temperature, a new panel composed of 
gypsum fibre and PUR has been developed, with the objective of resisting to fire for 30 minutes. At first, the thermal properties 
of the different materials at high temperature have been established. Then, a heat transfer model using temperature-dependent 
thermal properties and apparent specific heat capacity has been developed. Finally, the model has been compared to full-scale 
test results performed according to EN 1365-1. 
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1. Introduction 
 
Rigid polyurethane foam (PUR) is a good thermal insulation product for buildings, mainly due to its low thermal 
conductivity (λ ≈ 20 mW/m.K), low permeability to water and stability over time. The other types of insulation 
products available on the market have a significantly higher thermal conductivity: + 50% for expanded polystyrene 
(λ ≈ 30 mW/m.K), + 75% for mineral wools (λ ≈ 35 mW/m.K), etc. Despite its low thermal conductivity, polyurethane 
foam (PUR) is not much used as insulation material for walls because of its low resistance to fire. The 
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most common PUR boards are classified C-s2-d0 until E [1] (reaction to fire according to EN 13501-1), which 
means that they are from moderately to very inflammable, with a limited smoke production and no droplets. Therefore, 
the PUR foam has been associated with gypsum fibre boards to provide the necessary fire resistance. The reaction to 
fire of the gypsum fibre is A2-s1-d0 (almost not inflammable), and an 18 mm thick board provides a fire resistance 
of 30 minutes. The challenge of this project consists in the association of the two materials. In fact, the PUR foam 
has a relatively low flash-ignition temperature (around 300°C [2]), whereas the gypsum fibre can resist to temperature 
as high as 800°C without major structural changes [3]. The accurate prediction of the temperature at the boundary 
between the gypsum fibre board and the PUR foam is thus of major importance. 
This study focusses on assessing the accuracy of a simplified numerical model to evaluate the fire resistance of a 
construction element. In a first part, the physical phenomena in play will be detailed and the thermal properties of 
the different materials will be determined from literature review and measurements (density analysis, hot plate 
apparatus, thermal conductivity at high temperature). In a second part, the model developed will be compared to two 
tests: a small scale test, focussed on the characterisation of the gypsum fibre board, and a standard full-scale fire test 
with the entire panel. Finally, the sensitivity of the model to the different input parameters will be assessed. 
 
 
 
2. Fire modelling 
 
2.1. Heat transfer in porous material 
 
As the fire resistance of the panel relies on the properties of the gypsum fibre, the first part of the paper focuses on 
the characterisation of the heat transfer through this material. The gypsum fibre board consists of 80% gypsum and 
20% paper fibre, which are mixed with water and pressed at high pressure to obtain the final material. Gypsum fibre 
is considered as a porous medium, with a solid, a gaseous and a liquid phase. When it is subjected to sufficient heat, 
the free and the chemically bound water is released into the pores and begins to evaporate. During this process, the 
pressure within the pores is increased and in conjunction with temperature and mass concentration gradients, the gas 
mixture is transferred through the pores [4]. Figure 1 shows the structure of a porous material, and the mass 
repartition of the different components for a typical fibre gypsum board (obtained from measurements). 
 
(b) 100 
 
80 
 
60 
 
40 
 
20 
 
Solid matrix 
 
 
Chemically 
bound water 
 
Free water 
 
0 
 
Fig. 1. (a) structure of a porous element [5]; (b) mass fraction of typical fibre gypsum boards. 
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2.2. Thermochemistry of gypsum fibre 
 
Gypsum fibre is a material made of calcium sulphate and water. In a first step, around 100°C, the free water evaporates 
(≈1.1% of the mass). In a second step, between 120 up to 220°C, the chemically bound water dissociates from the 
crystal lattice and evaporates (≈24% of the mass). This reaction occurs in two phases: first, the calcium sulphate 
dehydrates into hemihydrate, and then the hemihydrate is transformed into anhydrite (Eq. 1). 
 
CaSO4 2H2O o H2O(g) CaSO4 12 H2O o H2O(g) 12 H2O(g) CaSO4 (1) 
 
At a temperature around 400°C, a slightly exothermic reaction occurs where the molecular structure of the soluble 
crystal (anhydrite III) reorganises itself into a lower insoluble energy state (anhydrite II) (Eq. 2). Finally, the calcium 
carbonates decompose itself into calcium oxide at a temperature around 800°C (Eq. 3). 
 
CaSO4 IIIoCaSO4 II (2) 
 
CaCO3 oCaO CO2 (g) (3) 
 
2.3. Modelling techniques 
 
The modelling of the fire resistance of the construction element is a challenging topic, as different physical phenomena 
interact with each other. The main heat barrier of the construction element is the dehydration at high temperature 
(Eq. 1). In this endothermic process, the water of crystallisation is released and transformed into vapour, which is 
transported through the porous material by pressure and by molecular diffusion. When migrating into colder 
regions, vapour can condense [4]. The estimation of the fire resistance should thus account for a heat and mass 
transfer accompanied with phase change. Different numerical models have been developed: 
x The most detailed models include the heat and mass transfer, and model the moisture transfer using both Fick’s 
law (diffusion) and Darcy’s law (pressure) [4][7][4]. Several material properties needs to be known (thermal 
conductivity, specific heat, density, porosity, permeability) and three field variables have to be solved (water 
vapour concentration, pore pressure and temperature). 
x Simplified models have also been developed, based on a pure heat conduction model [4][8][9]. In that case, the 
only field variable is the temperature, and the material properties are specified temperature-dependant (thermal 
conductivity, heat capacity, density). To model the heat transfer due to dehydration, the concept of effective or 
apparent heat capacity is introduced: the heat consumptions (endothermic) and releases (exothermic) of both 
chemical reactions and phase changes are added to the specific heat capacity [8]. This type of modelling gives 
reasonable results for standard engineering application, but some details are not well-captured [4]. 
As the objective of this paper is to get an estimation of the fire resistance of the panel, the second modelling 
technique has been chosen. The material properties required for this type of modelling can be measured relatively 
accurately in a regular laboratory, thus decreasing the uncertainty of the model. This heat transfer model is based on 
the heat equation (Eq. 4 for a 1D case), which is derived from Fourier's law and conservation of energy. 
 
wT UCp    w§¨OwT ·¸

(4) 
wt wx © wx ¹

3. Material properties: literature review and measurements 
 
3.1. Gypsum fibre 
 
The different material properties of the gypsum fibre have been evaluated in the range 20°C to 900°C (ISO 834). 
The density curve has been established based on measurements at different dehydration stages. The curve of the 
apparent heat capacity has been derived from the measurement of water content, and using the method from 
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Eq. 1
Eq. 2
Eq. 3 
From c
@ 250°C 
Semitelos et al. [9]. They found a correlation between the heating rate and the reaction temperature. An increase in 
the rate of heating results in a shift of the peaks towards higher temperatures and in a sharpening of the peaks. The 
enthalpies of the different reactions are: for reaction 1 and 2 (∆Hbound = 100 kJ/kg and ∆Hevaporation = 2260 kJ/kg [7]), 
for reaction 3 (∆Hreaction = -18.2 kJ/kg [9]) and for reaction 4 (∆Hreaction = 200 kJ/kg [8]). The thermal conductivity 
has been measured using a hot-plate apparatus for different samples and different dehydration conditions. To 
determine the thermal conductivity at high temperature, two methods have been used: using the hot plate (sample 
cooled down at ambient temperature after three days at 220°C) and based on temperature measurements performed 
on a dehydrated sample at high temperature (curve fitting). These two methods leads to slightly different results. 
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Fig. 2. Temperature-dependent thermal properties of the gypsum fibre (markers indicate experimental data). 
 
 
3.2. Rigid polyurethane (PUR) foam 
 
The thermal properties of the PUR foam have been estimated in the range 20 to 350°C. The rigid polyurethane foam 
can withstand temperatures of up to 250°C for short periods [1] and the flash-ignition temperature can be as low as 
300°C [2]. The density is assumed constant over the temperature range (40 kg/m3) and the specific heat capacity is 
based on EN 12524 (1.4 kJ/kg.K). The thermal conductivity has been derived from a HPU lambda model. 
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Fig. 3. Thermal conductivity of the rigid PUR foam (extrapolation for temperature higher than 100°C). 
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4. Fire resistance of the panel 
 
To model the temperature changes in the construction element under different boundary conditions, a software based 
on the Finite Element Method has been used [10]. Different 1D models have been created, with a mesh size of 1 mm 
and a time step of 1 second. The results of the numerical simulations have been compared to different experimental 
data. The uncertainty on measurements has been evaluated and accounts for the calibration error, the accuracy of the 
measuring device, the variability among sensors placed at the same level and the rate of change. 
 
4.1. Case 1: Gypsum fibre boards at high temperature (small scale experiment) 
 
In a first test, two boards of gypsum fibre (2×18 mm) and a mineral insulation layer (50 mm) are placed over an 
electrical heater (780°C after 60 minutes). The dimension of the tested area is 60×40 cm. The boundary condition 
for the calculation are the surface temperature of the gypsum fibre board (exposed side) and the surface temperature 
of the stone wool (unexposed side). The dimensions in Figure 4 and 5 are expressed from the exposed side. 
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Fig. 4. (a) picture of the set-up; (b) comparison of the measured (+) and calculated temperature (───). 
 
4.2. Case 2: Panel under standard fire conditions (EN 1365-1) 
 
In a second test, the full construction element (18 mm gypsum fibre board + 189 mm PUR + 18 mm gypsum fibre 
board) is exposed to standard fire conditions (875°C after 30 minutes). The dimension of the tested area is 2.9×2.9 
m. The boundary conditions of the calculation are, on one side the fire temperature combined with a heat transfer 
coefficient (based on EN 1991-1-2), and on the other side the laboratory temperature combined with a fixed heat 
transfer coefficient (hcomb = 9 W/m2.K). From this test, the panel has been certified to resist to fire for 33 minutes. 
The PUR can thus withstand a temperature up to 300°C, which is in line with the existing literature [1] [2]. 
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Fig. 5. (a) picture of the test; (b) comparison of the measured (+) and calculated temperature (───). 
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4.3. Analysis 
 
First of all, the difference between experimental and numerical results is larger for the first experiment than for the 
second one, which can be explained by the scale and the type of heat source used. A lower level of accuracy can be 
expected from the first set-up. When comparing the temperature changes, it can be observed that the temperature 
plateau around 100°C is not well modelled in both cases. This is the main drawback of pure conduction models, as 
mentioned by other authors [6][7]. However, the fire resistance of the construction is relatively well-estimated 
(cf. 18 mm curve in Figure 5). The numerical model and the measurements reach 300°C at the same time. Moreover, 
the shape of the two curves fits well, except for this first temperature plateau. 
 
5. Sensitivity of the numerical model to the input parameters 
 
In order to estimate the sensitivity of the model developed, the input parameters of Case 2 have been varied, and the 
time to reach 300°C at the interface between the gypsum fibre and the PUR has been observed. The method chosen 
for the sensitivity analysis is One Factor At a Time. The thermal conductivity is the most sensitive parameter. 
 
Table 1. Sensitivity of the fire resistance to material properties and heat transfer coefficient. 
 
Input parameter Input variation (source) ∆t to reach 300°C [sec] 
Heat transfer coefficient (exposed side) ± 20 %  [-26  ; +38] 
Thickness of gypsum fibre board ± 0.2 mm manufacturer ± 32 
Density of gypsum fibre board ± 50 kg/m3 manufacturer ± 65 
Free water content of gypsum fibre board ± 0.2 pp measurement ± 3 
Bound water content of gypsum fibre board ± 1 pp measurement [-26  ; +24] 
Thermal conductivity of gypsum fibre board ± 0.02 W/m.K measurement [-158  ; +201] 
 
6. Conclusion 
 
A simplified model has been developed to estimate the temperature change in a construction element composed of 
gypsum fibre and PUR foam exposed to fire. The material properties of these two components have been developed 
from measurements and literature review. The comparison with different fire tests showed that the temperature 
variations are relatively well estimated, even though some physical phenomena could not be modelled (temperature 
plateau at 100°C). In fact, the pure heat conduction model does not account for the condensation of vapour when 
moving further from the exposed side [6]. Using the measured material properties, the fire resistance of the 
construction element could be estimated relatively accurately (33 minutes to reach 300°C). However, the sensitivity 
analysis showed that the model was quite dependent on the thermal conductivity of the gypsum  fibre. This parameter 
should therefore be measured accurately when modelling the fire resistance of an element. 
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